tit, and therefore suggests an important role of carotenoidmediated maternal effects.
Introduction
Maternal effects occur when maternal phenotype or the environment experienced by the mother influence the offspring phenotype (Mousseau and Fox 1998) . Females can change prenatal environment of the nestlings through the deposition of different compounds such as antioxidants (surai 2002) , antibodies (hasselquist and nilsson 2009) and hormones (groothuis et al. 2005) into eggs. In birds, the concentration of carotenoids in yolk is larger than in maternal plasma (saino et al. 2002) , suggesting an important role of these compounds for embryos and hatchlings. carotenoids are pigments synthesized by plants that animals have to acquire from food (goodwin 1984) , and hence they may be available in limiting quantities. In many studies supplementing laying mothers with carotenoids resulted in higher yolk carotenoid concentration (e.g. Mcgraw et al. 2005; ewen et al. 2009; Berthouly et al. 2008 ) and higher phenotypic quality of the offspring (e.g. Biard et al. 2005; Koutsos et al. 2006; Berthouly et al. 2008) . These studies therefore suggest that carotenoid concentration in the yolk may be limiting.
carotenoids have different physiological functions: they are involved in cell differentiation and cell proliferation (reviewed in surai 2002), and they can regulate and stimulate immune functions . Moreover, carotenoids have been claimed to reduce oxidative stress, defined as the imbalance between reactive oxygen species Abstract avian mothers can influence offspring phenotype through the deposition of different compounds into eggs, such as antibodies, hormones and antioxidants. The concentration of carotenoids in yolk is larger than in maternal plasma, suggesting an important role of these compounds for offspring development. since carotenoids have to be acquired from the diet, they may be available in limiting amounts to the mothers. here, we investigated the role of egg carotenoids for offspring growth by experimentally increasing the concentration of yolk lutein, the main carotenoid in great tit (Parus major) yolk. We subsequently measured body condition, oxidative stress, immune response, plumage colouration and fledging success. lutein increased body mass soon after hatching and fledging success, but did not affect tarsus length, oxidative stress, immune response and plumage colouration. The higher content of yolk lutein could have increased body mass by reducing oxidative stress caused by high metabolic rates of rapidly growing embryos or by promoting cell differentiation and proliferation. The positive effect of lutein on fledging success seems to be mediated by its influence on body mass 3 days post-hatch, since these two traits were correlated. The finding that our treatment did not affect traits measured later in the nestling period, except for fledging success, suggests that yolk lutein has short-term effects that are essential to increase survival until fledging. Our study shows the positive effect of yolk lutein on offspring survival in the great communicated by Markku Orell.
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(rOs) and antioxidants in favour of the former (sies 1991). however, the antioxidant role of carotenoids has been shown in vitro, but their importance in vivo was recently questioned (costantini and Møller 2008) . carotenoids are also responsible for the typical yellow to red colouration of many signals used in sexual selection (hill 1991) , and in parent-offspring communication (saino et al. 2000) .
several experiments (e.g. Berthouly et al. 2008; Biard et al. 2005; ewen et al. 2009; Mcgraw et al. 2005) have studied the effect of yolk carotenoids on offspring by manipulating carotenoid availability for females before egg laying. however, carotenoid-supplied females may also change the amount of other compounds allocated to the eggs (surai et al. 2003) , and could invest carotenoids differentially according to sex or laying order. additionally, carotenoids could influence the resolution of maternal trade-offs (Bertrand et al. 2006) . hence, such an indirect approach where females are supplemented will not allow disentangling these effects from the direct effects mediated by yolk carotenoids, making the interpretation of the findings more complicated.
With this study we aimed at understanding the importance of yolk carotenoids for offspring growth and development in the great tit Parus major, a small-hole nesting passerine. We therefore injected lutein, the main carotenoid in great tit eggs (remeš et al. 2011) , and subsequently measured the expression of traits for which carotenoids are supposed to be important. To our knowledge only a few experiments directly manipulated carotenoid content in eggs (romano et al. 2008; saino et al. 2003; saino et al. 2011 ), but none of them assessed simultaneously the effects on body condition, oxidative stress, immune status and feather colour. since carotenoid availability for laying females seems to be limited, and since carotenoids are supposed to be involved in important biological functions, we expect that a direct increase of lutein content in eggs would increase the viability of nestlings after hatching.
Materials and methods
This experiment was performed during spring 2012 in a natural population of great tits, breeding in nest boxes in Könizbergwald, a forest near Bern, switzerland (46°56′n, 7°24′e). nest-boxes were visited regularly from the beginning of the breeding season to determine the start of egg laying.
lutein treatment
Whole broods were randomly assigned to two treatments: lutein or control group. after the fifth egg in the laying sequence, we injected all the eggs with either 2 μg lutein (floraglO lutein 20 % liquid in safflower oil) diluted in 2.5 μl of safflower oil or with 2.5 μl of safflower oil as a control. every additional egg laid over the following days was treated in the same way. all eggs were therefore manipulated before incubation or at the very beginning of the incubation period. The injected dose of lutein corresponds to about 1 sD of the average amount of lutein per yolk (mean ± sD = 3.86 ± 1.84 μg per yolk) found in a sample of eggs (n = 109) from the same population (helfenstein, unpublished data). In the field, eggs were placed on a cold light source to identify the position of the yolk and, after disinfecting a small spot on the eggshell, we used a 25-μl syringe (hamilton 702lT) with a 25-g needle to inject the oil, either alone or mixed with lutein, into the yolk. after the injection we sealed the hole with a small drop of tissue adhesive (glUture Topical Tissue adhesive; abbott laboratories, north chicago, Il).
We injected a total of 647 eggs, from which 331 nestlings hatched. The overall hatching success was 51.2 % and it did not differ between treatments (χ 2 1 = 1.1, P = 0.29, n = 91). To assess the invasiveness of our egg injection we compared hatching success of our injected eggs with natural hatching success of a non-manipulated control. The natural hatching success of non-injected clutches was 88.4 %, therefore the injection decreased the hatching success (χ 2 1 = 86, P < 0.0001, n = 127), as observed in previous studies using a similar protocol (e.g. ruuskanen et al. 2012; Podlas et al. 2013 ).
Morphological measurement
On day 3 post-hatch we measured nestling body mass with an electronic balance (±0.1 g), and took a drop of blood from the metatarsus vein, which was then stored in ethanol 96 % until later analyses to determine sex [see griffiths et al. (1998) for the sexing technique]. eight and 14 days post-hatch, we measured body mass (±0.1 g) and tarsus length (±0.1 mm).
Oxidative stress analyses
On day 12 post-hatch a blood sample (20 μl) from the brachial vein was taken, kept cool in a ice box until centrifugation in the evening, and then stored at −20 °c. We assessed oxidative damage using the Diacron reactive oxygen metabolite test (drOM test; Diacron International, grosseto, Italy), which measures plasmatic rOM. rOM are the primary products of the oxidative cascade, caused by the exposure of biomolecules, especially lipids, to rOs. rOM have been used as a marker of early oxidative damage in several studies (e.g. costantini 2006; saino et al. 2011), moreover they are themselves pro-oxidants and can propagate the oxidation cascade (halliwell and gutteridge 2007).
The plasma (5 μl) was diluted with 200 μl of a solution containing 0.01 M acetic acid/sodium acetate buffer (ph 4.8) and a N,N-diethyl-p-phenylenediamine as a chromogen. The solution was then incubated for 75 min at 37 °c. During the incubation the acidic ph favoured the release of Fe and cu from plasma proteins that catalysed the cleavage of hydroperoxides into two different free radicals. These radicals reacted with the chromogen, producing a pink colour, whose intensity was directly proportional to the concentration of rOMs. The absorbance was read with a spectrophotometer at 490 nm. The concentration of rOMs was calculated by comparison with a standard curve obtained by measuring the absorbance of a standard sample and a blank (distilled water). Measurements were expressed as millimoles per litre of h 2 O 2 equivalents. since available plasma quantity was limited, we run on each plate duplicates of a sub-sample of 17 nestlings only. The intra-assay repeatability sensu lessels and Boag (1987) was high and significant (r = 0.98, P < 0.0001).
Total antioxidant capacity of plasma was measured using the OXy-adsorbent test (Diacron International). This kit uses a colorimetric determination to quantify the ability of the plasma antioxidant barrier to cope with the oxidant action of hypochlorous acid. The plasma was diluted 1:100 with distilled water, 2 μl of this solution was incubated with 200 μl of a titred hclO solution at 37 °c for 10 min. Then 5 μl of chromogen, an alkyl-substituted aromatic amine solubilised in a chromogenic mixture, was added. This amine was oxidized by the residual hclO and transformed into a pink-colour derivative. The intensity of the coloured complex, which was inversely related to the antioxidant capacity, was measured by a spectrophotometer at 490 nm. a blank sample (5 μl of distilled water) and a standard sample were used as reference; measurements were expressed as millimoles of hclO neutralized. all the samples were run in duplicate, the intra-assay repeatability, sensu lessels and Boag (1987), was high and significant (r = 0.79, P < 0.0001).
Immune response
On day 14 post-hatch we injected subcutaneously 0.01 mg of lipopolysaccharide (lPs; from the cell membrane of Escherichia coli) dissolved in 0.02 ml of phosphate-buffered saline in the left wing web. We measured the wing web thickness before and 24 h after the injection at the inoculation site with a constant-tension dial micrometer to the nearest 0.01 mm. The wing web thickness was measured three times and the mean was used. The strength of the immune response was calculated as the difference between the value before and after the injection; a greater swelling reflects a better immune response (Parmentier et al. 1998) . lPs induces an inflammatory response without producing the negative effects of a pathogen, allowing us to evaluate the cost of immune activation alone (Bonneaud et al. 2003) .
Breast colour
On day 14 post-hatch, we collected from every nestling six feathers from each of two patches, located on both side of the chest, and stored them in small plastic bags kept in the dark. later in the lab, we placed the feathers on top of each other on a black velvet surface before proceeding with spectrophotometric measurements. spectral measures were made using a spectrophotometer (UsB 4000; Ocean Optics), a bifurcated reflectance probe with a 200-μm fiber core diameter (Fcr-7UV200-2-Me) and a balanced deuterium tungsten-halogen light source (Dh-2000-Bal; Ocean Optics). The probe was fitted with a black cylinder to standardize the measuring distance and exclude ambient light, and it was held perpendicular to the surface of the feathers. We recorded three reflectance spectra (each of these is the average of four scans with 100-ms integration time) per patch using spectrasuite software version 1.0 (Ocean Optics). We averaged the measurements per repetition and then per patch to describe each individual (intrapatch repeatability, r = 0.89, P < 0.0001). We calibrated the spectrophotometer with a diffuse reflectance standard (Ws-1; Ocean Optics) before each patch was measured.
colour vision in birds depends on four types of single cones: UV sensitive, short-wave sensitive (sWs), medium-wave sensitive, long-wave sensitive. Using hadfield's sPec package (2005), we estimated the amount of light captured by each of these cones, taking into account the sensitivity of the retinal cones, the transmittance properties of the ocular media and ambient light. We used the cone spectral sensitivities and ocular media transmittance reported for the blue tit Cyanistes caeruleus (hart et al. 2000) , the daylight irradiance spectrum, and we applied the von Kries algorithm to account for colour constancy. We then calculated the sWs ratio (evans et al. 2010) , an index of chromatic reflectance based on opponent processing that compares the quantum catch of the sWs single cones with the mean of the other three. The sWs ratio estimates the size of the trough in the violet-blue region of the reflectance spectra, caused by the selective absorption of carotenoids. The sWs ratio therefore increases with higher carotenoid content of feathers and is highly positively correlated with carotenoid chroma (r = 0.84, P < 0.0001), a known measure of the amount of pigment deposited in the feathers (saks et al. 2003) .
statistical analyses
The effects of lutein injection on nestling body mass, tarsus length, antioxidant capacity, oxidative damage, immune response and chromatic reflectance, were analysed using linear mixed-effect models with restricted maximum-likelihood estimation. To normalize data, we log transformed sWs ratio values and square root transformed the concentration of rOM. In all the models we included nest identity as a random factor to control for the non-independence of nestlings growing in the same nest. We also included sex, treatment and the interaction between sex and treatment as fixed factors to test for a possible sex-specific effect. Moreover, in all the models we included as covariates hatching date and brood size to test for possible seasonal and sibling competition effects. Finally, we included mass at day 14 when analysing colouration and immune response, as these traits can be condition dependent.
Fledging success, calculated as the proportion of hatchlings that fledged, was analysed using a generalized linear model with a quasi-binomial distribution to account for overdispersion. The model included treatment, brood size and hatching date. additionally, we analysed fledging probability of individual nestlings using a generalized linear mixed model with a binomial error structure. The model included treatment and sex as fixed factors, brood size and hatching date as covariates and nest identity as a random factor.
Models were simplified following a backward stepwise elimination procedure. non-significant parameters were backward eliminated, starting with the interactions and then going on with the least significant variables. In the results section P-values of non-significant terms are those just before removal from the model and P-values of significant terms are those from the reduced models. all the analyses were performed with r version 2.15.1 (r Development core Team 2010). We used the function lme from the nlme package for linear mixed effect models, the function glm for generalised linear model and the function lmer from the lme4 package for generalised linear mixed models.
Results

Body mass and size
Three days after hatching lutein-treated nestlings were significantly heavier (F 1,208 = 4.4, P = 0.04) than control ones (Fig. 1) . sex, hatching date, brood size or the interaction between treatment and sex did not significantly predict mass at day 3 (all P > 0.2). Mass and tarsus 8 and 14 days post-hatching were not affected by lutein treatment or by the interaction between treatment and sex (Tables 1, 2) . Mass was negatively correlated with brood size both at days 8 and 14 (Table 1) , while tarsus was correlated with brood size only on day 14 (Table 2 ). Males at day 14 were heavier (Table 1) and had longer tarsi (Table 2) than females.
Oxidative stress
The interaction between treatment and sex, and treatment alone, did not affect antioxidant capacity and oxidative damage (all P > 0.27). Both antioxidant capacity and oxidative damage increased with hatching date (F 1,54 = 7.6, P = 0.008, estimate ± se = 2.42 ± 0.87; F 1,54 = 5.7, P = 0.02, estimate ± se = 0.03 ± 0.01), but did not show any correlation with sex or brood size (all P > 0.23).
Immune response
We did not find a significant effect of the interaction between treatment and sex, and of lutein treatment on the swelling response to lPs injection (F 1,154 = 01.8, P = 0.18, F 1,61 = 0.84, P = 0.36). The swelling response tended to be higher in heavier nestlings (F 1,156 = 3.7, P = 0.056, estimate = 0.75 ± 0.39), showed a weak non-significant correlation with hatching date (F 1,60 = 3, P = 0.088) and was unrelated to sex (F 1,155 = 0.31, P = 0.57).
Breast plumage colour chromatic reflectance of breast plumage was not affected by lutein treatment (F 1,60 = 0.03, P = 0.86) or by the interaction between treatment and sex (F 1,165 = 0.39, P = 0.53), but positively correlated with hatching date (F 1,60 = 31.3, P < 0.0001, estimate ± se = 0.02 ± 0.004) and negatively correlated with brood size (F 1,60 = 5.6, P = 0.02, estimate ± se = −0.04 ± 0.016). Males showed Fig. 1 Body mass (mean ± se; g), on day 3 post-hatch in relation to the treatment a significantly higher chromatic reflectance than females (F 1,167 = 4.9, P = 0.03, estimate ± se = 0.77 ± 0.12 for males, estimate ± se = 0.74 ± 0.12 for females).
Fledging success and individual fledging probability Broods hatched from lutein to supplemented eggs were significantly more likely to fledge (χ 2 1 = 3.96, P = 0.046; Fig. 2) . Fledging success showed a negative correlation with brood size (χ 2 1 = 4.7, P = 0.03, estimate ± se = −0.30 ± 0.14) but did not show any correlation with hatching date (χ 2 1 = 2.1, P = 0.15). Individual fledging probability was predicted by treatment (χ 2 1 = 4.9, P = 0.026, estimate ± se = 2.21 ± 0.99), and was not correlated with hatching date, brood size or sex (all P > 0.41). To check if the effect of lutein treatment on fledging probability was driven by body mass, we ran an additional model of individual fledging probability including body mass at day 3 as a covariate. In this case fledging probability was predicted by body mass (χ 2 1 = 7.5, P = 0.006, estimate ± se = 2.1 ± 0.8) rather than treatment (χ 2 1 = 1.4, P = 0.24). 
Discussion
In this study we experimentally increased lutein content in great tit eggs. lutein had a positive effect on body mass shortly after hatching, and increased fledging success. however, lutein did not affect tarsus length, oxidative stress, immune response or breast plumage colouration. a higher content of lutein in the embryo tissues and in the newly hatched nestling may have increased growth by reducing oxidative stress. rapidly growing embryos are particularly exposed to oxidative stress caused by high metabolic rates, and therefore need efficient antioxidants to protect developing tissues from oxidative damage (surai 2002) . The antioxidant activity of carotenoids in vivo has recently been questioned (costantini and Møller 2008); however, it seems that they are mainly active at low oxygen tension, which prevails in embryonic tissues (surai 2002) . lutein could have increased embryo or nestling growth also through its role in cell differentiation and proliferation. studies where yolk lutein was experimentally increased are scarce and the effects are not consistent: in the barn swallow Hirundo rustica higher yolk lutein did not affect body mass (saino et al. 2003) , while in the yellow-legged gull Larus michahellis it increased growth of males hatched from first eggs, but decreased growth of males hatched from third eggs (saino et al. 2011) .
Oxidative stress was not affected by our treatment, supporting the idea that carotenoids are minor antioxidants in birds (costantini and Møller 2008) . although, if yolk lutein was available to nestlings just for a short period after hatching, we would not expect any effect on oxidative stress, or immune response and colouration, since they were all measured 12 or more days after hatching. The absence of an effect of lutein on the immune response could also be explained by the fact that only β carotene seems to have immuno-enhancing properties in great tit nestlings (Fitze et al. 2007 ). In the barn swallow lutein injection increased the immune response to phytohaemagglutinin (saino et al. 2003) , while in the great tit carotenoid supplementation to the mother did not affect offspring immune response (remeš et al. 2007) .
During embryonic life, carotenoids are transferred from the yolk to the developing tissues. some of these carotenoids are either used in metabolic processes during embryo growth or stored in the liver, and redistributed after hatching. In poultry carotenoid concentration in the liver decreases 20-fold during the first 10 days of life (reviewed in surai and Fisinin 2013). great tit nestlings have fast growth, which allows them to fledge 18-21 days post-hatch (gosler 1993). We do not know for how long after hatching yolk carotenoids are available to nestlings. Our results can be explained if the concentration of yolk carotenoids available to nestlings rapidly decreases after hatching. Indeed, in our experiment, we found an effect on mass 3 days post-hatching, while all the other traits measured later during the nestling phase were not influenced by the treatment. The only exception is fledging success, which was positively influenced by lutein treatment, via a treatment effect on body mass. Indeed, individual fledging probability was correlated with body mass at day 3 and not with lutein treatment when both variables were included in the model. Possibly the first 3 days after hatching are a crucial period that can influence survival later in the nestling period. In both experimental groups, the majority of deaths occurred between day 8 and 14 post-hatch when the growth rate is high (gosler 1993), indicating that there was no difference in the timing of mortality between control and lutein nestlings.
an alternative scenario is that yolk lutein is available to nestlings for a long period after hatching. since lutein did not influence the traits measured 8 or more days post-hatch, this scenario seems unlikely. however, the reduced brood size caused by the injection could have masked the potential effects of lutein, as nestlings raised in small broods have more resources during growth. Probably the effects of supplementary yolk carotenoids are more easily detectable when resources are more limiting. also, we cannot exclude that there could have been an effect of lutein on a trait we did not measure, for example resistance to parasites, which also may have influenced fledging success. higher availability of carotenoids for females during laying increased the offspring survival in zebra finches Taeniopygia guttata (Mcgraw et al. 2005 ), but did not have an effect in great tits (remeš 2011). however, direct manipulation of lutein content in eggs resulted in higher survival in female yellow-legged gull late in the season (romano et al. 2008 ) and in a higher T cell-mediated immune response in the barn swallow, where immune response predicts offspring survival (saino et al. 2003) .
Our study shows the positive effect of yolk lutein on offspring survival in the great tit, suggesting an important role for maternal effects mediated by carotenoids. Further studies that directly manipulate carotenoid content of the eggs in different species are needed to better understand the role of yolk carotenoids.
